In this study, we studied the effect of 2.0 GHz radio frequency electromagnetic field (RF-EMF) and 50 Hz extremely low frequency electromagnetic field (ELF-EMF) exposure on prion generation and propagation using two budding yeast strains, NT64C and SB34, as model organisms. Under exposure to RF-EMF or ELF-EMF, the de novo generation and propagation of yeast prions [URE3] were elevated in both strains. The elevation increased over time, and the effects of ELF-EMF occurred in a dose-dependent manner. The transcription and expression levels of the molecular chaperones Hsp104, Hsp70-Ssa1/2, and Hsp40-Ydj1 were not statistically significantly changed after exposure. Furthermore, the levels of ROS, as well as the activities of superoxide dismutase (SOD) and catalase (CAT), were significantly elevated after short-term, but not long-term exposure. This work demonstrated for the first time that EMF exposure could elevate the de novo generation and propagation of yeast prions and supports the hypothesis that ROS may play a role in the effects of EMF on protein misfolding. The effects of EMF on protein folding and ROS levels may mediate the broad effects of EMF on cell function.
Introduction
Along with the notable growth of electric power and wireless communication equipment utilization, the strength, complexity and range of extremely low frequency electromagnetic field (ELF-EMF) and radio frequency electromagnetic field (RF-EMF) are increasing rapidly. Consequently, concern about the health effects of ELF-EMF and RF-EMF has attracted significant attention.
Proteins must fold into correct conformations in order to execute their proper functions, while incorrect folding could impair function and lead to disease. The amyloid form is a self-propagating, highly ordered, β-sheet rich fibrous aggregate with a strong resistance to proteinase K and detergent (Moore et al. 2014 ). In the human nervous system, some proteins that fold to the amyloid structure are associated with a number of amyloid diseases, such as Alzheimer's (AD), Parkinson's, and prion diseases. It was reported that the protein folding could be affected by exposure to EMF (Mancinelli et al. 2004; Solomentsev et al. 2012 ). Exposure to ELF-EMF could elevate the risk of AD (Davanipour and Sobel 2009; Davanipour et al. 2007; Sobel et al. 1995 , and increase production of amyloid beta (Davanipour and Sobel 2009; . Interestingly, it was found that RF-EMF exposure has some beneficial effects on AD pathology in a transgenic model (Arendash et al. 2010 (Arendash et al. , 2012 Banaceur et al. 2013; Dragicevic et al. 2011; Jeong et al. 2015) , which indicates that RF-EMF may affect AD pathology. A similar beneficial effect of RF-EMF on AD was also observed in an epidemiological survey. A 30-40% decrease in Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12192-017-0867-9) contains supplementary material, which is available to authorized users. standardized hospitalization ratios (SHRs) was observed for dementia (AD, vascular and other dementia), Parkinson's disease, and epilepsy among men who had used mobile phones for more than 10 years (Schuz et al. 2009) .
A prion is an alternative conformational form of a specific protein that can be transmitted between cells of a given species or between species in some cases. Once established, the prion can replicate by recruiting the soluble form of the protein and converting it into the same misfolded form (Castellani et al. 2004) . As in mammals, several proteins in the yeast Saccharomyces cerevisiae can misfold and propagate as prions that possess amyloid properties . The first identified yeast prion [URE3] , the prion form of the Ure2 protein, has attracted much attention and been studied in depth (Lian et al. 2006) . The Ure2 protein (Ure2p) is responsible for the catabolism of nitrogen sources. In the presence of a rich nitrogen source, Ure2p blocks the uptake of poor nitrogen sources by sequestering the transcription factor Gln3p in the cytoplasm (Cox et al. 2000) . When converting into the prion form, the aggregated Ure2p loses its normal function and makes it possible to take up ureidosuccinate (USA) (Hong et al. 2011) . Yeast prions provide an ideal model system for studying the amyloid formation and propagation that are applicable to mammalian and human diseases.
Studies have confirmed that molecular chaperones play an important role in helping proteins fold correctly to their native functional conformations by preventing proteins from misfolding and aggregating, particularly under conditions of stress, such as heat shock or disease (Chen and Inouye 2008) . Heat-shock proteins, Hsp104, Hsp70 (e.g. Ssa1 and Ssa2) and the co-chaperone Hsp40 (e.g., Ydj1 and Sis1), are involved in the propagation of yeast prions (Moriyama et al. 2000) . Hsp104 is a crucial factor in the propagation of [URE3] and another yeast prion, [PSI+] (Moriyama et al. 2000) . Hsp70, including the cytoplasmic Ssa1 to Ssa4, Ssb1 and Ssb2, and its co-chaperone Hsp40, including Ydj1 and Sis1, are also critical in the propagation of yeast prions (Kryndushkin and Wickner 2007 (Moriyama et al. 2000) , and purified Ydj1 could inhibit amyloid formation of Ure2 in vitro (Lian et al. 2007) .
It is important to maintain the balance between the biochemical processes leading to production and the removal of reactive oxygen species (ROS). When production of ROS exceeds the antioxidant capacity of a cell, the ROS level will increase and cause molecular damage, leading to a critical failure of biological function (Yu 1994) . Oxidative stress will also affect protein folding and lead to protein misfolding diseases. Oxidative stress plays a significant role in the formation of AD pathology (Su et al. 2008) . The frequency of [PSI+] prion formation could be elevated under conditions of oxidative stress and in mutants lacking key antioxidants (Doronina et al. 2015) . Interestingly, it was also reported that exposure to RF-EMF could increase free radical production in yeast (Crouzier et al. 2009 ) and ROS levels in the cell line V79 (Marjanovic et al. 2015) , while exposure to ELF-EMF could increase cell ROS levels in various organisms and cells (Goraca et al. 2010; Simko and Mattsson 2004) .
Here, we studied the effects of RF-EMF and ELF-EMF exposure on de novo generation and propagation of prions, using the budding yeast prion [URE3] as a model organism. We also investigated the expression levels of prion-related chaperones, as well as ROS levels and activities of related enzymes.
Materials and methods

Yeast strains and prion assay
The strain NT64C (MATa, 15, leu2, ura3, 1, pDAL5::ADE2, [URE3] ) and SB34 (MATa; erg6::TRP1; pDAL5::ADE2; ade2-1; trp1-1; leu2-3112; his3-11,15; ura2::HIS3, [URE3]) were used for the assessment of in vivo [URE3] prion status. NT64C contains the ADE2 coding region under control of the DAL5 promoter, which is inhibited by active Ure2 protein. The lack of Ade2p will make cells appear red, and allows rapid identification of the [URE3] and [ure-o] cells by color: white and red, respectively. SB34 is in a different strain background as NT64C and was used as another strain to exclude the possibility of strain specificity. Similar to NT64C, the SB34 again made use of the red/white methods based on the ADE2 gene and DAL5 promoter.
Exposure conditions
An RF electromagnetic field was generated using a vector signal generator (Agilent E8267D PSG, USA) and signal amplifier (AV38701E, the 41st Institute of CETC, China). The signal amplifier was used to amplify the RF/MW (Microwaves) signal induced by the signal generator. The signal in the sample position was measured by an electromagnetic radiation analyzer (PMM 8053B, Narta-STS, Italy) and a signal analyzer (Agilent N9030A). In this study, yeast cells were exposed to 2000 MHz RF/MW.
At the position of yeast cells, the RF electromagnetic field strength was 20 V/m, and the temperature was 30°C. The average specific absorption rate (SAR) for a single cell was 0.12 W/kg. The SAR was calculated using finite difference time-domain (FDTD) analysis methods (Schuderer et al. 2004 ).
The ELF-EMF exposure system consists of five parts: a power regulator, two Helmholtz coils, a biochemical incubator, some temperature recorders, and a temperature control system. Two vertical coils (150 turns of 1 mm copper wire) were placed into a biochemical incubator (Jinghong SHP-250, China). The two coils were connected in parallel, and a 50 Hz sinusoidal magnetic field controlled by a power regulator (PS-7005, China) was generated by feeding a line current. When energized, a uniform magnetic field (0 to 7.0 mT) was generated in the center of the coils where the culture dishes were placed. The magnetic flux densities were then measured using a portable field meter (PM 8053B, Italy). A silicone tube connected to a condenser was wound around the coils to counteract the generated heat.
In order to ensure temperature accuracy and stability, a series of operations were applied. Firstly, we put the temperature probe of the incubator itself in the position of the sample area so that the incubator maintained its temperature according to the temperature at the position of our samples. Secondly, we calibrated the temperature of the two incubators for the control and exposure samples using the same thermometer routinely. Thirdly, during incubation and exposure, we continuously monitored the sample area temperature using temperature probes around the control and exposure samples. Fourthly, we checked the surface temperature of samples during incubation using a thermal imager (Testo 890). All the monitoring data showed that the temperature of the control samples and exposure samples was maintained accurately and stably.
Prion status assay
To obtain the [ure-o] strains, the yeast cells were put on YPD plates containing 3 mM guanidine hydrochloride, which inactivates Hsp104 and causes a loss of prions as cells divide (Ferreira et al. 2001; Grimminger et al. 2004; Jung and Masison 2001) . Red colonies from the plates containing guanidine hydrochloride were then streaked onto YPD plates containing guanidine hydrochloride again. Then, the red colonies were streaked onto YPD plates and red [ure-o] colonies were isolated. To obtain the [URE3] strains, the yeast cells were put on SC-Ade plates, which do not allow [ure-o] cells to grow due to the lack of Ade2 protein. White colonies from -Ade plates were then streaked onto -Ade plates again, and white colonies were streaked onto YPD plates. Finally, the white colonies were isolated and used as the [URE3] strain.
The selected yeast cells were grown on YPD liquid medium at 30°C until the logarithmic phase. The yeast incubates were diluted according to the concentration measured by OD absorbance, and then spread onto YPD plates. About 300 colonies were expected to grow on each plate. At least three parallel plates were exposed to EMF, while at least another 3 parallel plates were incubated in the control conditions as well. After a 96-h incubation, the number of red and white colonies on each plate was counted. Each experiment was repeated at least three times independently.
ROS level assay
Intracellular ROS levels were detected using the fluorescent probe DCFH-DA (2′7'-dichlorodihydrofluorescein diacetate). After yeast cells in liquid medium containing 10 μm DCFH-DA were incubated for 20 min at 30°C in the dark, the cells were split by every 4 ml and incubated in the EMF and control incubator respectively. Then, yeast cells were collected at different time points by centrifugation and washed three times by phosphate buffer. Fluorescence was measured at an excitation wavelength of 485 nm and an emission wavelength of 530 nm by flow cytometry (Beckman, USA).
Real-time reverse transcription-polymerase chain reaction (RT-PCR)
After exposure, the yeast cells on the plates were washed in 10 ml water and were then quickly frozen by liquid nitrogen. The frozen cells were then smashed with acid-washed glass beads, and total RNA was isolated from the lysate using an RNA purification kit (Omega). First-stand complementary DNA synthesis was performed with hexamers as primers using a cDNA synthesis kit (TaKaRa) following the manufacturer's protocol. Quantitative real-time PCR (qRT-PCR) was performed using the SYBR Premix Ex Taq II kit (TaKaRa) and the Roche LightCycle 480 II sequence detection system (Roche, Switzerland). Gene expression studies were performed in triplicate, and the formation of a single PCR product was confirmed using dissociation curves. Negative controls comprised all components of the PCR mix, except cDNA. The program used was the following: 1 cycle at 95°C for 2 min; 40 cycles of 20 s at 95°C, 20 s at 55°C, and 30 s at 68°C; 1 cycle at 68°C for 1 min. After this, the melting curve data were collected. Gene expression levels are shown as the concentration of the studied gene, normalized to the concentration of the housekeeping ACT1 gene. Each experiment was repeated at least three times independently. Table S1 shows the primer sequences used in this study.
Western blotting assay
After exposure, the yeast cells on the plates were washed in 10 ml water and were then quickly harvested by spinning and suspended in 150 μl cold cell lysis buffer (Beyotime, China) and 100 μl acid-washed glass beads (0.5 mm, Sigma) followed by three cycles of vortexing for 30 s and alternating cooling for 30 s on ice. Proteins in lysate were separated by electrophoresis and then transferred to a PVDF membrane. Membranes were blocked, probed, washed, and developed according to the manufacturer's instructions using the SuperSignal West Pico Chemiluminescent Substrate kit (cat. no. 34080, Thermo Scientific). Blots were imaged by chemiluminescence System (Image Station 4000 mm, Kodak, USA) and densitometric analysis was performed using image-pro plus 6.0 image-processing software.
Primary antibodies were rabbit anti-Hsp104 antibody (ab69549, Abcam), goat anti-Hsp70-Ssa1/2(yT-14) antibody (sc-23,752, Santa Cruz), mouse anti-Hsp40-Ydj1 antibody (ab74442, Abcam) and mouse anti-beta actin antibody (66009-1-Ig, proteintech). Secondary antibodies were donkey anti-mouse IgG antibody (ab97030, Abcam), goat anti-rabbit IgG antibody (ab136817, Abcam), and donkey anti-goat IgG antibody (sc-2020, Santa Cruz).
SOD and CAT activity assay
After exposure, the yeast cells on the plates were washed in 10 ml water and were then quickly harvested by spinning and suspended in cold cell lysis buffer (Beyotime, China) and 100 μl acid-washed glass beads (0.5 mm, Sigma) followed by three cycles of vortexing for 30 s and alternating cooling for 30 s on ice. After centrifuged at 10000 rpm for 5 min, the supernatant was applied for protein concentration measurements using the BCA (Thermo Scientific, USA) method, and enzyme activity of SOD and CAT was measured using SOD (Nanjing Jiancheng, China) and CAT (Nanjing Jiancheng, China) enzymatic activity detection kits.
The activity of SOD was measured using the xanthinexanthine oxidase system to produce superoxide ions, which then reacted with 2-(4-iodophenyl)-3-(4-nitrophenol-5-phenlyltetrazolium chloride) to form a red formazan dye, and the absorbance at 550 nm was determined. One unit of SOD was defined as the amount of SOD inhibiting the rate of reaction by 50% at 25°C. CAT activity was measured by analyzing the rate of H 2 O 2 decomposition, which was monitored by absorbance at 240 nm. The activity of SOD is expressed as units per milligrams of protein (U/mg protein) and the activity of CAT is expressed as (U/g protein).
Results
Prion status assay
We used the yeast prion [URE3] as a model to analyze whether the exposure to EMF affects protein folding or misfolding.
[URE3] is a yeast prion phenotype, in which its prion determinant protein, Ure2, is misfolded and aggregated. Firstly, we used a [URE3] strain, NT64C, to assay the effects of EMF on prion status. NT64C contains an ADE2 coding region under the control of the DAL5 promoter. In [ure-o] 
Effects of RF-EMF on [URE3] de novo generation
After being selected by YPD plates containing 3 mM GuHCl, the red, [ure-o] colony cells were incubated in liquid YPD medium until the lag-phase. The cells in the lag-phase were then spread in parallel lines onto several YPD plates. At least three plates were exposed to 2.0 GHz RF-EMF at 30°C, while at least another three plates were incubated in the control incubator at 30°C. To obtain large enough colonies to facilitate the counting work, the plates were allowed to grow for 96 h. In each plate, the ratio of the white colony number to the red colony number was calculated. The differences in the rate of appearance of white colonies will reflect the effects of exposure to RF-EMF on prion de novo generation. As the effects that we found were relatively weak, this experiment was repeated eight times independently, with at least three parallel samples each time, to ensure the reliability and credibility of the results. The starting strain of each batch (repetition) of experiment was picked from different single colonies, so the ratio of white/red colony numbers in the control sample plate varied among different batches of experiments. In order to get comparable results, the calculated ratio of the control and exposure samples in each batch of experiments was normalized according to the ratio of the control sample in that batch. Compared with the control group, the exposure group had a higher ratio of white/red colony numbers, which meant that the NT64C cells exposed to RF-EMF contained more white colonies (Fig. 1a) . Under exposure to RF-EMF, the de novo generation of [URE3] in the NT64C strain was promoted.
In order to exclude the interference of yeast strain specificity, we used another yeast strain SB34 to repeat the experiments above, which also contained the [URE3] prion form but the genetic background was quite different from NT64C. Similar to NT64C, the SB34 made use of the red/white methods based on the ADE2 gene and the DAL5 promoter. In the SB34 strain, we obtained results similar to those in NT64C (Fig. 1b) .
Effects of RF-EMF on [URE3] propagation
By using the non-prion phenotype [ure-o] as the starting strain, we found exposure to RF-EMF could promote spontaneous transformation from the non-prion form to the prion form. We also used the NT64C prion phenotype [URE3] as the starting strain to study the effects of RF-EMF exposure on prion propagation. After selection by SC-Ade plates, the white, [URE3] colony cells were incubated in liquid YPD medium until the lag-phase. The cells were then spread in parallel onto several YPD plates. At least three plates were incubated in 2.0 GHz RF-EMF and control conditions for 96 h, respectively. In each plate, the ratio of red colony numbers to white colony numbers was calculated. To obtain reliable results, this experiment was repeated nine times independently, with at least three parallel samples each time. Compared with the control group, the exposure group had a lower ratio of red/white colony numbers, which meant that the NT64C cells exposed to RF-EMF obtained fewer red colonies (Fig. 1c) . Under exposure to RF-EMF, the spontaneous loss of [URE3] in the NT64C strain was inhibited, while on the other hand, the prion propagation of [URE3] was promoted.
In another yeast strain SB34, we performed similar experiments as above, and obtained similar results as in NT64C (Fig. 1d) .
Long-term effects of RF-EMF on [URE3] generation and propagation
After we found the elevation of prion generation and propagation after 96-h RF-EMF exposure, we wondered whether a longer time exposure would lead to stronger effects. Therefore, we carried out long-term exposure experiments.
After the yeast plate was exposed to RF-EMF for 96 h as the short-term exposure introduced above, the red/white colony numbers were counted and the cells were washed, suspended and spread onto a new YPD plate. The new plate was exposed to RF-EMF for another 96 h again, and the cells were then counted and spread onto another new plate. By this method, we exposed the cells to RF-EMF continuously for 384 h. While the NT64C cells in the non-prion state were exposed to RF-EMF for 384 h (Fig. 2a) , the exposure group always contained more prion state colonies than the control group (i.e., the relative proportion was above 1.0, and the value of the exposure group was higher than the control group.), and the difference between the exposure and control groups tended to increase with time. In another [ure-o] strain, SB34, we obtained similar results (Fig. 2b) .
When we exposed the prion state strains to RF-EMF for long periods of time, we also found a time-dependent effect. While NT64C [URE3] (Fig. 2c) and SB34 [URE3] (Fig. 2d ) cells were exposed to RF-EMF for 384 h, the exposure group maintained more prion state colonies than the control group (i.e., the relative proportion was above 1.0), and the difference between the exposure and control groups tended to increase with time.
When either starting from the prion state or from nonprion state cells, the white/red ratios were higher in the exposure group, and the differences tended to increase with time (Fig. 2) . Similar to what we found in short-term experiments, long-term exposure to RF-EMF also led to the promotion of de novo generation and propagation of [URE3] in both strains. 
Effects of ELF-EMF on [URE3] de novo generation and propagation
Using similar methods as RF-EMF, we also assayed the effects of ELF-EMF exposure on [URE3] de novo generation and propagation. After the yeast strains in the YPD plates were exposed to 6.0 mT ELF-EMF at 30°C for 96 h, at least another three plates were incubated in the control incubator at 30°C, and the ratio of white colony numbers to red colony numbers in each plate was calculated. This experiment was repeated eight times independently, with at least three parallel samples each time, to ensure the reliability and credibility of the result.
When using the non-prion phenotype NT64C [ure-o] as the starting strain, we did not find significant differences in the ratio of white/red colony numbers between the exposure group and control group (Fig. 3a) . However, after SB34 [ure-o] cells were exposed to 6.0 mT ELF-EMF, the ratio of white/red colony numbers was significantly higher than the control group (Fig. 3b) , which meant the SB34 cells exposed to ELF-EMF contained more white colonies. Under exposure to ELF-EMF, the de novo generation of [URE3] in the SB34, but not in the NT64C, strain was promoted.
In the analysis of ELF-EMF effects on prion propagation, the NT64C [URE3] (Fig. 3c ) and the SB34 [URE3] (Fig. 3d ) cells were exposed to ELF-EMF for 96 h. In both strains, the exposure groups had a significantly (p < 0.01) lower ratio of red/white colony numbers compared with the control groups, which meant the cells exposed to ELF-EMF contained fewer red colonies (Fig. 3c, d ). Under exposure to ELF-EMF, the spontaneous loss of [URE3] in the NT64C and SB34 strains was inhibited, and the prion propagation of [URE3] was promoted.
Long-term effects of ELF-EMF on [URE3] generation and propagation
In the analysis of ELF-EMF effects, we also performed longterm exposure experiments to measure whether longer time exposure could cause stronger effects. Using similar methods as in the RF-EMF assay, the yeast cells were exposed to ELF-EMF for 384 h, with counting, washing, resuspending and spreading every 96 h. When the NT64C cells in the nonprion state were exposed to ELF-EMF (Fig. 4a) , the ratios of the white/red colony numbers in the exposure group were always higher than the control group (i.e. the relative proportion was above 1.0), and the difference between the exposure (Fig. 4b) .
When we used the prion state strains as the starting strain to study the effects of long-term exposure, we also found a timedependent effect. After the NT64C [URE3] (Fig. 4c) and SB34 [URE3] (Fig. 4d ) cells were exposed to ELF-EMF for 384 h, the ratios of the white/red colony numbers in the exposure group were always higher than the control group (i.e., the relative proportion was above 1.0), and the difference between the exposure and control groups tended to increase with time.
Effects of ELF-EMF in different strengths on [URE3] de novo generation and propagation
After we found the ELF-EMF exposure could elevate the generation and propagation of [URE3] in both short-term and long-term conditions, we analyzed the effects of ELF-EMF at different strengths. We constructed three ELF-EMF exposure systems with similar power supplies, Helmholtz coils, biochemical incubators, temperature recorders, and temperature control systems. The ELF-EMF strength of the three exposure systems was set to 0.5, 3.0, and 6.0 mT. After the cells starting from one single colony were incubated and spread onto YPD plates, the plates were exposed to 0, 0.5, 3.0, and 6.0 mT at 30°C for 96 h.
When using the non-prion phenotype SB34 [ure-o] as the starting strain, the relative ratio of white/red colony numbers between the exposure group and the control group increased along with the increase of ELF-EMF exposure strength (Fig. 5a ). Exposure to 3.0 and 6.0 mT, but not 0.5 mT, ELF-EMF significantly increased the [URE3] generation. The effect of 6.0 mT was significantly stronger than 3.0 and 0.5 mT, while the effect of 3.0 mT was significantly stronger than 0.5 mT.
Similarly, when using the prion phenotype SB34 [URE3] as the starting strain, the relative ratio of red/white colony numbers between the exposure group and control group also decreased along with the increase of ELF-EMF exposure strength (Fig. 5b) . 3.0 and 6.0 mT, but not 0.5 mT, ELF-EMF exposure significantly inhibited the appearance of nonprion colonies, and increased the [URE3] proportion.
Effects of RF-EMF and ELF-EMF on expression levels of chaperones
Since Hsp chaperones play very important roles in prion generation and propagation in yeast, quantitative real-time PCR was applied to detect whether RF-EMF and ELF-EMF exposure could affect the cellular gene transcription levels of HSP104, HSP70-SSA1/2, and HSP40-YDJ1 (Fig. 6a-d and Fig. S1 ). After two prion strains NT64C and SB34 were grown on YPD plates under the exposure/control conditions for 4 days, the cells were collected and subjected to RT-PCR analysis. Quantitative RT-PCR analysis showed that cellular gene transcription levels of HSP104, HSP70-SSA1/2, and HSP40-YDJ1 were not significantly affected by the RF-EMF and ELF-EMF exposure in both strains, whether starting from the non-prion state or the prion state.
We also analyzed the protein expression levels of the three Hsp proteins by western blotting. After non-prion form SB34 Fig. 3 Short-term (96 h) eans P < 0.05, compared with the control, while B**^represents P < 0.01, with respect to the control strains were grown on YPD plates under exposure/control conditions for 96 h, the cells were collected and subjected to western blotting analysis. Consistent with the transcription level results, the protein expression levels of HSP104, HSP70-SSA1/2, and HSP40-YDJ1 were also not significantly changed (Fig. 6e-h ).
Effects of RF-EMF on ROS level and enzyme activity of SOD and CAT
Since the RF-EMF exposure could increase the formation and propagation of yeast prions, and improved ROS level could also increase the formation and propagation of amyloid structures, we wondered whether ROS levels played some role in the effects of RF-EMF on yeast prions. Therefore, ROS levels were measured after RF-EMF exposure. SB34 cells in liquid medium were exposed to RF-EMF and were sampled at 2.0-, 4.0-, 6.0-, and 12.0-h time points. Under exposure, ROS levels increased significantly in SB34 [ure-o] cells at 2.0 and 4.0 h; however, at the 6.0-and 12.0-h time points, we did not observe a significant increase (Fig. 7a) .
Since ROS levels were affected by exposure, the activities of two ROS level related enzymes, superoxide dismutase (SOD) and catalase (CAT), were measured after exposure. SB34 [ure-o] cells were exposed to RF-EMF and were sampled at different time points. Similar to the ROS level, the enzyme activities also increased at the beginning time points under exposure. Activities of both SOD and CAT significantly increased at the 2-and 4-h time points (Fig. 7b, c) . At other time points, enzyme activities were still generally higher under exposure; however, the difference was not statistically significant.
Effects of ELF-EMF on ROS level and enzyme activity of SOD and CAT SB34 cells in liquid medium were exposed to 6.0 mT ELF-EMF and were sampled at the 0.5-, 1.0-, 2.0-, 6.0-, 12.0-, and 24.0-h time points. Under exposure, ROS levels increased significantly in the SB34 [ure-o] cells at 0.5, 1.0, and 2.0 h; however, at the 6.0-, 12.0-and 24.0-h time points, we did not observe a significant increase (Fig. 8a) .
SB34 [ure-o] cells were exposed to ELF-EMF and were sampled at 0.5-, 1.0-, 2.0-, 6.0-, 12.0-, and 24.0-h time points. Activities of SOD significantly increased at the 1.0-h time point (Fig. 8b) . Activities of CAT significantly increased at the 0.5-and 2.0-h time points (Fig. 8c) . At other time points, the enzyme activities of SOD and CAT in the exposure group were not significantly different from the control group. Under ELF-EMF exposure, ROS levels and enzyme activities were increased at the beginning time points.
Discussion
Up to now, studies on the health effects of RF-EMF and ELF-EMF have focused on an epidemiological survey on the health effects on human and laboratory study for biological effects on animals. Due to the complexity of animals, as well as the lack of reproducibility and the difficulty of analysis, the biological effects of EMF still remain unclear. In this study, we studied the effects of RF-EMF and ELF-EMF on prions using budding yeast as a model organism. After short-term exposure to RF-EMF, we found de novo generation and propagation of prion were elevated in both strains (Fig. 1) . Interestingly, it has been found that the exposure to RF-EMF usually had beneficial effects on AD in epidemiological survey (Schuz et al. 2009 ) and AD pathology transgenic model study (Arendash et al. 2012; Dragicevic et al. 2011) . To ensure the reliability and credibility of our results, these experiments were repeated eight or nine times independently, with at least three parallel samples each time. Furthermore, we observed increasing tendency with time in long-term exposure (Fig. 2) , which strongly supported the elevation effects of RF-EMF on generation and propagation of prions. To exclude the possibility that other mutations resulted in a conversion from red to white cells, we treated newly formed white colonies with guanidine hydrochloride, and the colonies were cured. The oxidizing environment blocked the development of red color in ade mutant cells and make the ade mutant cells appear white (Bharathi et al. 2016) . The white colonies formed during EMF exposure maintained their white color under non-EMF conditions, and turned back to red on guanidine hydrochloride plates; therefore, the white colonies were not caused by an oxidizing environment in cells. In the analysis of ELF-EMF effects, we found the de novo generation of prions was elevated in the SB34, but not in the NT64C strain, while the propagation of prions was elevated in both strains after short-term exposure to ELF-EMF (Fig. 3) . The lack of difference in the effects of short-term exposure on prion generation in NT64C somewhat disappointed us. We believe this result is true, however, as these experiments were repeated at least eight times independently, with three parallel samples each time, and we obtained a similar result in 3.0 mT exposure experiments (data not shown). The possible reason for this may be due to the difference in strain backgrounds which give the stains different sensitivity to EMF exposure. In general, we still believe exposure to ELF-EMF could elevate the de novo generation of prions, because we observed a significant difference after the effects was accumulated in the long-term exposure experiment (Fig. 4) . In the ELF-EMF effects analysis, we studied the effects of ELF-EMF in different strengths on yeast prion, and found the elevation effects of ELF-EMF on yeast prion generation and formation was in a dose-dependent manner (Fig. 5) . This result also supports that the effects we found were indeed caused by ELF-EMF exposure.
Hsp104 and Hsp70 (e.g., Ssa1 and Ssa2), together with the co-chaperone Hsp40 (e.g., Ydj1 and Sis1), have been reported to be involved in the propagation of yeast prions in vivo and fibril formation in vitro (Wickner et al. 2015) . Therefore, we tried to measure the expression levels of molecular chaperones under RF-EMF and ELF-EMF stress conditions in order to explain how EMF exposure affected [URE3] generation and propagation. However, in our conditions, we did not find a significant difference in the transcription levels and protein expression levels ( Fig. 6 and S1 ). As the effects of EMF are generally weak, the change in the chaperones amounts might be too small to be found in this study. Since the ROS levels and activities of SOD and CAT exhibited some elevation in the early hours of exposure, but not in the later time points, it may be that the chaperones have a similar time course. It would be interesting to measure the time course, especially in the beginning time points, for expression levels of chaperones in a further study.
In the ROS level analysis, we found that the RF-EMF and ELF-EMF could increase cell ROS levels at the beginning time points, but not at the later time points (Figs. 7a  and 8a) . Probably, a self-adaptive mechanism, in particular the compensatory upregulation of antioxidant enzymes, of the cells was induced after a few hours under EMF stress. Under physiological conditions, ROS levels are tightly controlled by antioxidants and antioxidant enzymes such as SOD and CAT (Yu 1994) . A strong oxidant factor, superoxide, could be converted by SOD to a weaker oxidant factor, hydrogen peroxide, which could then be converted to water and oxygen by CAT (Johns and Platts 2014; Wu et al. 2013) . To study how the yeast cells recovered their high ROS levels to normal levels after a few hours, we measured the enzyme activities of SOD and CAT (Figs. 7 and 8) . Consistent with ROS levels, the activities of both SOD and CAT also increased at the beginning time points under EMF stress. Probably, the accumulation of ROS activated the antioxidant system in the cell, and activities of SOD and CAT were elevated to defend against oxidative stress under EMF stress. After a few hours, the ROS levels dropped, and the activities of SOD and CAT recovered to normal levels accordingly. Under oxidative stress, the moderately hydrophobic thioester side chain of methionine could be converted into the hydrophilic sulphoxide form (MetO), which can significantly influence protein folding and conformation. Oxidation of methionine can induce amyloid fibril formation of Apolipoprotein A-I in vitro (Wong et al. 2010) and MetO levels were found to be elevated in persons carrying familial Alzheimer's disease mutations that also correlated with other indices of oxidative stress (Ringman et al. 2012 ). MetO could be detected from the PrP Sc brain, but could not be detected in the PrP C brain (Canello et al. 2008 ). In a [PIN+][psi-] yeast strain, the MetO levels and the frequency of another yeast prion, [PSI+] , formation were significantly increased under oxidative stress (Doronina et al. 2015) . In addition, similar increases in MetO levels and [PSI+] prion formation were detected in antioxidant mutants, including mutants deficient in superoxide dismutases, catalases, and peroxiredoxins, while the Sup35 aggregation and methionine oxidation in these antioxidant mutants could be prevented by overexpression of methionine sulphoxide reductase (MSRA) (Doronina et al. 2015) . These data confirmed that methionine oxidation of Sup35 plays a critical role in the increase of de novo formation of [PSI+] under oxidative stress. Similar to Sup35, Ure2 contains 10 methionine residues (Fig. S2) , so it is possible that Ure2 share some similar mechanism in the effects of oxidative stress on protein folding (Fig. 9) .
It is still debatable whether the EMF has biological impact, due to the lack of repeatability in the experimental region and to the lack of convincing mechanisms in the theoretical region. Theoretically, the energy brought by radio frequency electromagnetic wave and extremely low frequency electromagnetic field is not sufficient to break molecular bonds (Adair 1998) ; therefore, it is difficult to explain the effects of EMF on cells. The effects of EMF on free radicals, which was thought to be mediated by an imbalance in iron homeostasis and the following formation of hydroxyl radicals via Fenton reaction (Lai and Singh 2004) , might be an explanation. Free radicals are very reactive species. Elevation in the levels of free radicals, especially oxygen radicals, will dramatically damage biomolecules, such as lipids, proteins, and nucleic acids, and interfere with cell processes (Falletti et al. 2007; Itoh et al. 2007; Stadtman 1990 ). Excessive reactive species have been implicated in the pathogenesis of many neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS), Parkinson's disease (PD), AD, and Huntington's disease (HD) (Niedzielska et al. 2016) . Elevation of free radical levels could also promote the formation of amyloid aggregates in vitro; on the other hand, the use of antioxidant agents could decrease the occurrence rate of amyloid diseases (Chakrabarti et al. 2013; Hensley et al. 1994; Zhao and Zhao 2013) . In yeast, the [PSI+] prion formation could be induced under conditions of oxidative stress (Doronina et al. 2015; Tyedmers et al. 2008 ) and in mutants lacking key antioxidants (Doronina et al. 2015) . It was found that exposure to RF-EMF and ELF-EMF could lead to the elevation of ROS levels in this study (Fig. 6 ) as well as in various organisms and cells in other studies (Doronina et al. 2015; Goraca et al. 2010; Simko and Mattsson 2004) . Besides ROS levels, the levels of some compounds and proteins involved in energy metabolism were also found to be enhanced under EMF exposure in various model organisms in our previous work ( (Li et al. 2013; Shi et al. 2015) , Sun et al., Unpublished data). Therefore, it is possible Fig. 9 Model of the biological effect of EMF. ELF-EMF exposure and RF-EMF exposure both can increase cell ROS level, which subsequently elevates the generation and propagation of amyloid, probably via the oxidation of methionine. Increase of ROS levels activated the antioxidant system in the cell, and activities of SOD and CAT were elevated to defend the oxidative stress and prevent ROS levels from increasing. Changes in ROS levels and protein folding will widely interfere with cell function, and are therefore hypothesized to mediate various biological effect of EMF. Red, black and green arrow represents Bincrease,^Bprocess,^and Blead to,^respectively that free radicals play some roles in the effects of EMF on amyloid formation and propagation ( Fig. 9 and should therefore receive more attention in further research.
Proteins are involved in almost all cell processes, so defects in protein structure and function will lead to abnormality in all the related processes. We found both exposure to RF-EMF and ELF-EMF could cause the elevation of prion generation and propagation, which suggests that the folding of proteins could be affected by EMF exposure. In spite of some evidence supporting the hypothesis that ROS levels mediate the effects of EMF on protein folding, the actual mechanism is still unclear and we cannot exclude the possibility that EMF could affect the process of protein folding directly or via some unknown pathway. Although various biological effects of EMF exposure have been reported, the mechanism remains unknown. EMF exposure could affect ROS levels and protein folding, both of which are widely involved in biological processes. Therefore, the effects of EMF exposure on ROS levels or protein folding may initiate a cascade of effects on many biological processes to some extent under EMF stress (Fig. 9) .
